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There are many joints in the human body. The knee joint is one of the important joints 
to support the body weight. The human body is supported by the complex movement 
of the knee while performing sports and daily life activities. The knee joint includes the 
anterior cruciate ligament (ACL). The ACL prevents the excessive anterior translation 
and internal rotation of the tibia, which is one of bones configured with the knee joint. 
The sidestep cutting while performing sports often ruptures the ACL. The diagnosis 
and surgery of the ACL have been brought to the public attention. This study focuses 
on the maneuver to diagnose the ACL and the reconstruction surgery of the ACL. The 
purpose of this study is a mechanical analysis of the “force” affected to the ACL. The 
analyzed force can be used for supporting the diagnosis and surgery. This study consists 
of the diagnosis and surgery parts with experiments and results. 
The diagnosis part of this study selects Lachman test from some maneuvers which 
are used to diagnose the ACL. The Lachman test is the most reliable and sensitive 
maneuver. The examiner of the maneuver diagnoses the ACL rupture by feeling 
“endpoint” which is a phenomenon during the Lachman test. It is important to change 
the force on the fingers of the examiner. Then, the diagnosis part proposes measurement 
system of the force on the fingers of the examiner by using force sensor (finger force 
sensor). The force during the Lachman test shows hardness of the knee. The hardness 
is indicated as an evaluation value calculated form the proposed system. The magnitude 
and difference between the right and left knees of the evaluation values show baseline 
to diagnose the ACL rupture. On the other hand, the surgery part proposes a micro-
force sensor to measure the intra-articular measurement (IAM) tension. The IAM 
tension is compared with the extra-articular measurement (EAM) tension in this part. 
20 N initial tension measured by the EAM in the ACL reconstruction is most 
appropriate. However, function as the ACL to prevent the excessive anterior translation 
of the tibia, is included in the IAM tension. There is no report to measure the IAM 
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tension. This part considers the initial tension transferred to the intra-articular by using 
the micro-force sensor in the reconstructed ACL.  
 Experiments of the diagnosis part included a basic experiment in which an examiner 
pulled elastic and string, and three practical experiments in which there were 13 control 
subjects and two patient subjects. Statistical analysis compared every results of the 
experiments by using t-test. Comparison between string and elastic in the basic 
experiment had a significant difference. Both patient subjects had 1 % significant 
differences. The results of practical experiments provided the difference between the 
right and left knees by percentages (100 % means a large value in the evaluation values 
of each subjects). The obtained differences were 9.47±7.80 % (13 control subjects) and 
67.23±6.26 % (two patient subjects). In conclusion of this part, we assume that there is 
a threshold value in these differences between controls and patients. The threshold 
value of the difference expects that an informative baseline to diagnose the ACL injury. 
An experiment of the surgery part measured the IAM and EAM tensions of six fresh 
frozen cadaveric knee specimens by using the commonly ACL reconstruction. 20 N 
initial tensions of the all specimens were measured on by using the EAM tension device 
when the flexion angles of specimens were controlled on 20° by using electromagnetic 
device. The resulting tensions were 13.6±3.9 N (IAM) and 18.7±1.3 N (EAM). A 
significant difference between them was observed (p-value was 0.026). The IAM 
tension was approximately 70 % compared with the EAM tension. Then, this study 
assumes that friction between the bone tunnel and the ligament, and surface of the edge 
on the bone tunnel affected to the IAM tension. The EAM tension did not directly 
transfer to IAM tension. In conclusion of this part, it is important to consider that the 
initial tension decreases on intra-articular in the ACL reconstruction. 
This study discussed the force affected to the ACL. Both diagnosis and surgery parts 
proposed measurement devices for the force which was not measured in the previous 
studies. The experiments shows one of the catalysts to reconsider the hardness of the 
knee during the diagnosis and the initial tension of the surgery. The future works are 
considering the baseline of hardness to diagnose the ACL rupture, and most suitable 
initial tension of the IAM by increasing the number of experiments. 
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The knee is one of the most important joints to support the body weight. While 
performing sports, the movement of the human body is supported by the knee joint. It 
is composed the femur and tibia as main bones, the femur is connected to tibia by using 
many soft-tissues. Among the soft-tissues, an important factor to connect the femur and 
tibia is in the ligaments. Especially, the anterior cruciate ligament (ACL) is a robust 
ligament. The ACL prevents the excessive anterior translation and internal rotation of 
the tibia. However, when the ACL receives the large external force which is over 
permission like suddenly changing of the running direction while performing sports, 
the ACL ruptures. The ruptured ACL almost does not heal spontaneously because the 
ligament does not have sufficient blood flow. 
The knee without the ACL losses the role to prevent the excessive anterior translation 
and internal rotation of the tibia. Then, the movement while performing sports affects 
a patient injured with the ACL because the knee collapse or pain occur abruptly. Almost 
famous sport players or professional players, who injured their ACL, undergo a surgery 
of the ACL reconstruction. To regain a function of the normal ACL, an accurate 
diagnosis method of damage degree for the ACL and an appropriate reconstruction 
method of the ACL are desired. 
A non-expert cannot diagnose the ruptured ACL. The judgment of the diagnosis is 
difficult because the diagnosis methods for the ACL are complex. The existence is able 
to be anticipated by using MRI. However, MRI cannot provide detail information for 
making a decision of the ruptured ACL because the injured area is difficult to reflect 
for configuration of MRI which reflects images of the human body. In the clinical 
Chapter 1 Introduction 
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situations, most reliable method to diagnose the ACL rupture is the Lachman test. It is 
one of maneuvers to diagnose the ACL. The ACL is diagnosed by a medical person by 
using his hands. When the examiner moves the femur and tibia of the patient, the ACL 
is diagnosed declination of the tibia. It is ever so difficult to diagnose the ACL rupture 
by using a maneuver that is Lachman test and so on for the non-expert. The non-experts 
have to do a lot of exams to be able to diagnose the ACL rupture. They have to get a 
feel of "endpoint" that is a phenomenon to decide to distinguish the injured knee from 
the normal knee by the Lachman test. The judgment of diagnosis uses sensitive finger 
stress of the examiner.  
After diagnosis for the ruptured ACL, almost sport players injured with the ACL 
undergo a surgery for the ACL reconstruction. The reconstruction surgery uses a graft 
which is harvested from other ligaments. The graft is fixed on the original point of the 
ACL with an initial tension. The initial tension is recommended as 20 N. However, the 
20 N initial tension is measured on extra-articular. Then, an intra-articular measurement 
tension of the graft should be measured to know the kinematics of the ACL. 
The purpose of this study is a mechanical analysis of the “force” affected to the ACL. 
The analyzed force can be used for supporting the diagnosis and surgery. This study 
consists of the diagnosis and surgery parts with experiments and results. 




Background Studies  
This study includes two parts which are the diagnosis and surgery part. This chapter 
explains prerequisite knowledges for necessary to know the experiments. This chapter 
includes three sections. There are “2.1 Knee” which is a relevant information for both 
parts, “2.2 Lachman” test which is the information for the diagnosis part, and “2.3 ACL 
reconstruction” which is the information for the surgery part. Sections: 2.2 and 2.3, 
include the purposes of each part, respectively. 
2.1 Knee 
2.1.1 Anatomy  
This section explains the anatomy of the knee. The knee joint has a lot of ligaments 
and two meniscuses. There are the anterior cruciate ligament (ACL), the posterior 
cruciate ligament (PCL), the medial collateral ligament (MCL), the lateral collateral 
ligament (LCL), the medial meniscus and the lateral meniscus as shown in Figure 2.1. 
 The main ligaments in the knee are the ACL, PCL, MCL which are connected with 
the femur and tibia, and LCL which is connected with the femur and fibula. The ACL 
and PCL are connected between the femur and tibia at crossing position. The crossing 
ligaments are called cruciate ligaments together. The ACL is attached to the inner 
surface of the lateral condyle femur and the anterior of the tibial intercondylar eminence. 
The ligament prevents the excessive anterior translation and internal rotation of the tibia. 
The PCL is attached to the outer surface of the medial condyle of the femur and 
posterior of tibial intercondylar eminence. The ligament prevents the excessive 
Chapter 2 Background Study 
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posterior translation of the tibia. The MCL is attached to the medial epicondyle of the 
femur and medial border of the tibia. The ligament prevents the excessive external 
rotation of the tibia. The LCL is attached to the lateral epicondyle of the femur and 
fibular head. The ligament prevents the excessive internal rotation of the tibia. The 
meniscus is located between the femur and tibia. The meniscus has a role to stabilize 
the knee as like a cushion. The meniscus is often injured when the ACL is ruptured 
while performing sports, simultaneously. Ligaments and meniscuses in the knee have 
each role. Injuries of them are interrelated. Some of the soft-tissues in the knee are 
picked up. As other factors, there are bones as the fibula and patella, and soft-tissues as 
ligaments, muscles and fats. Then, the movement of the knee is complex [1]. 
 
 
Figure 2.1 Soft-tissues in the knee. There are many ligament and meniscus in the knee joint. 
They have each role to prevent excessive movements. 
 
2.1.2 Biomechanics  
There are flexion, extension, external rotation, internal rotation, varus and valgus in 
the rotational movements of the knee. Flexion is a movement in which the backward of 
the tibia moves to the backward of the femur. Extension is a movement in which the 
backward of the tibia leaves from backward of the femur. External rotation is a 
movement in which the finger of the foot turns to external. Internal rotation is a 
Chapter 2 Background Study 
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movement in which the finger of the foot turns to internal. Varus is a movement in 
which the inside of the tibia moves to the inside of the femur. Valgus is a movement in 
which the outside of the tibia moves to the outside of the femur [1], [2]. There are 
anterior, posterior, lateral, medial, proximal and distal translation in the linear 




Figure 2.2 Six degrees-of-freedom of the knee kinematics. The knee joint has six DOF. The 
curved arrows show the rotation movements. The straight arrows show the linear movements. 
 
2.1.3 Structure of Ligament 
The structure of ligament is basically a bundle of fibers which is linked two bones. 
This structure normally functions to control the relative motions of the two bones. The 
most common function is that the ligament inhibits the separation of two points on the 
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bones by providing a tensile restraint to the motion. The translation is accomplished 
only by exerting sufficient force to extend the ligamentous structure. The ligaments 
function in a passive manner if the bones approach each other, then the ligaments 
slacken and have no influence on the relative movements of the bones. This mechanism 
is demonstrated by rheumatoid disease, for example, which shortens the bone ends 
spanned by ligaments by a process of erosion, so that the ligaments are then powerless 
to prevent the occurrence of subluxation or other deformity - an abnormal relative 
motion of the bone ends. Conversely, if the bones move apart, the restraining forces 
exerted by the ligaments are determined solely by the tensile (extension versus force) 
characteristics of their structures [3]. 
 
2.1.4 The ACL and its rupture 
The knee joint is susceptible from the trauma because of anatomical location. There 
are especially fracture and rupture of ligament and meniscus in the trauma. The ACL 
rupture often occurs in the ligament injury. Origin of the ACL is an attachment position 
which is approximately 15-20 mm oblong in medial aspect of posterior on lateral 
condyle of the femur. The other side is attached to both of the meniscus into the anterior 
intercondylar of the tibia. As described above, the ACL prevents the excessive anterior 
translation and internal rotation of the tibia. The ACL rupture occurs when the force 
larger than the limit is applied to the ligament. 
 The ACL rupture often occurs in some sporting activities. The rupture is separated 
at contact injury and non-contact injury. The contact injury is a rupture in which the 
ligament is directly applied at larger force than the limit. The non-contact injury is a 
rupture in which the ligament is applied at the excessive force (more than approximately 
200 kg) from the knee twisted [4] when the knee extends in excess on jumping or 
sidestep cutting while performing sports as shown in Figure 2.3. If the ACL is ruptured, 
the laxity of the knee decreases because of intra-articular hematoma. Additionally, the 
daily life is interfered because pain and swelling often occur from the injury of the ACL. 
The injury which does not interfere the daily life, nevertheless causes the knee buckling 
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in the sporting activity. The bone aches while the repetition of the knee buckling. 




Figure 2.3  Example of the ACL rupture, (a) Force from the side of the knee, (b) Force from 
the internal rotation. 
 
2.1.5 Maneuver 
The ACL is one of the soft-tissues. There are not reflected in the CT and X-ray. The 
MRI which reflects soft-tissues is not able to reflect the injured area of the ACL in 
detail because the knee is reflected on only image from proximal to distal by using MRI. 
In some cases, the diagnostic imaging can search the ACL rupture. However, the ACL 
rupture is almost diagnosed by using maneuver. Three maneuvers are familiar with the 
orthopaedic doctors. There are pivot-shift, anterior drawer and Lachman test. 
In the pivot-shift test, the patient is supine on an examination table. The examiner 
stands outside of the patient and grasps the heel in the extended position of the patient's 
knee. The examiner applies stress of internal rotation to the tibia by one hand, and stress 
of valgus to upper end of the tibia by other hand. When the ACL is injured, a 
subluxation occurs in the knee. A forward reduction suddenly occurs when the knee is 
flexed in about 20 degree flexion. Then, the patient appeals pain or feeling of 
unsteadiness [5] – [12]. Injury grades of the pivot-shift test in the Internal Knee 
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documentation committee (IKDC) form include “equal”, “glide”, “clunk” and “gross”. 
There are onomatopoeias and not quantitative. It is difficult to diagnose by a beginner.  
In the anterior drawer test, the knee is flexed at about 90 degree flexion. The examiner 
anteriorly pulls the tibia of the patient by fixing the foot by using the hip of the examiner. 
The examiner has to be careful a case of a drawer of the tibia when the tibia falls 
backward because of the injured PCL [5] – [12]. This maneuver is easier than the pivot-
shift and Lachman tests. However, Pierre Imbert et al. reports that the Lachman test is 
better than the pivot-shift and anterior drawer tests [13]. 
We focus on the Lachman test from these maneuvers to diagnose the ACL rupture 
because of the easily and sensitivity. Additionally, the Lachman test is the most reliable 
and sensitive maneuver [14] – [16]. 
. 
2.2 Lachman Test  
This section explains about the Lachman test. With the knee flexed at 20° to 30° and 
the patient relaxed, the lower leg is drawn forward on the upper leg by firmly stabilizing 
the femur and drawing the tibia anterior on the femur as shown in Figure 2.4. When the 
examiner moves the tibia relative to the femur, the ACL is diagnosed with the 
declination of the tibia.  
 
 
Figure 2.4 Lachman test. An examiner grasps the femur and tibia. The knee flexion of the 
patient is 20° to 30°. 




The IKDC configures grades of diagnosis as shown in Table 2.1. During this 
maneuver, "endpoint" is a phenomenon which is important to distinguish the injured 
knee from normal knee by the Lachman test. The IKDC configures the injury grades as 
displacement on anterior translation of the tibia. However, the maneuver is a diagnosis 
method by using sense of the examiner. It is difficult to become the same decision by 
non-expert and expert.  
 
Table 2.1 Grade of Lachman Test in IKDC form 
Grade Normal Nearly normal Abnormal Sev. abnormal 
Displacement [mm] -1 to 2 3 to 5 6 to 10 >10 
 
The measurement of the ACL movement can be made with an instrument called as 
"KT-1000" [6], [8], [17]. However, this instrument has low reliability to measure if a 
knee is experiencing the ACL rupture [7]. This system is attached to the tibia of patient 
and measures the anterior translation of the tibia in units of mm. Some studies reported 
stress of the Lachman test [18]. However, there is no mechanical data.  
 
2.2.1 Endpoint 
The judgment of the diagnosis is related to sensitive finger stress of the examiner. 
The mechanism is shown in Figure 2.5. A positive test is indicated on the anterior 
translation of the tibia associated with a soft or a firm endpoint. The anterior translation 
more than about 2 mm compared to the normal knee suggests the ACL rupture ("soft 
endpoint").  
In the normal knee, the tibia does not move above certain anterior translation. Thus, 
the movement of the tibia while the Lachman test is prevented by the phenomenon. The 
sense is like pulling a string. When the string is instantaneously pulled from the loosed 
state, the string does not extend more than the natural length of the string. The speed of 
the translation instantly becomes zero. Conversely, the examiner confirms more 
anterior translation than the normal knee in the injured knee because there is not 
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important ligaments which prevents the translation of the tibia. Because the soft-tissues 
which have ligaments and muscles other than the ACL, prevents the anterior translation 
of the tibia, the speed of the translation slowly becomes zero. The sense is like pulling 
elastic. When the elastic is instantaneously pulled from loosed state, the speed of the 
translation gradually becomes zero as compared with the string because acceleration in 
the opposite direction of pull-out direction occurs by the elasticity. Accelerations in the 
opposite direction when the string or elastic are pulled out until more than the natural 
lengths, are distinguished by the examiner of the Lachman test. The examiner 
distinguishes two endpoints by using his sense of the finger. The finger feels the stress 
which has a strong correlation with the accelerations. Then, the finger stress is most 
important when the examiner decides the endpoint. The finger stress that is applied to 







Figure 2.5 Mechanism of endpoint to prevent excessive forward and twisted movement of the 
tibia, (a) Firm endpoint, (b) Soft endpoint. 




2.2.2 Force Distribution on Fingers of the Examiner 
This section considers the force pattern on the finger stress of the examiner during 
the Lachman test. The finger stress is influenced from the ACL in the knee. The 
ligaments including the ACL are fibrous bodies, and have characteristics similar to a 
string. However, the knee includes other soft-tissues (skin, fat). The skin and fat have 
characteristics similar to an elastic. We consider a tension to pull and loose the string 
or elastic from the loosed state in same condition (same speed and length of pull-out). 
In case of the string, the tension applied to both ends rapidly increase when the string 
is pulled as its natural length. After loosed, the tension rapidly decreases. In another 
case, the tension of the elastic gradually increases from its natural length. The tension 
gradually decreases at loosing process until natural length. The crucial difference 
between the Lachman test and the movement is the presence of limitation at length of 
extending. During the movement to pull the string or elastic, it can be continued until 
that they rupture or extended as possible. However, the examiner cannot pull until that 
the knee is broken during the Lachman test. Extending more than 10 mm is configured 
as the injured knee in the IKDC form which configures the length changing by using 
KT-1000 [8], [19]. There is a limitation at approximately 15 mm even if the knee has 
large laxity compared with the common knees. Considering the limitation, we assume 
that the tension of the string is larger than the elastic because the elastic coefficient of 
the string is larger than the elastic. Additionally, the natural length of the elastic is 
shorter than the string because the anterior translation during the Lachman test changes 
the shape of the knee. Changed shape includes the fat and skin in the beginning of the 
anterior translation. The fat and skin has the characteristic of the elastic. 
This section supposes that the time in which the tension applies to the elastic (elastic 
region: ER), is longer than the string (string region: SR), and the applying tension for 
the elastic is smaller than the string. We consider that the endpoint of the normal knee 
has a characteristic of both the elastic and string as shown in Figure 2.6. The 
characteristic is called as a combined force pattern in this part. The force pattern 
includes SR and ER. SR is the center of the time in which the tension applies. 
Conversely, the injured knee has the force pattern of the elastic because the anterior 
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translation is controlled by only soft-tissues. There is no force pattern of string in the 
anterior translations during the Lachman test because the knee certainly includes the 
soft-tissues. There are the force pattern of elastic and combined force pattern in the 
translations during the Lachman test. Then, we assume to distinguish the injured knee 
from the normal knee by extracting the force pattern of elastic or combined force pattern. 
 
 
Figure 2.6 Force pattern of the endpoint. The endpoint of the normal knee has both 
characteristics of string and elastic. The tension of the string is larger than elastic. The time 
applying force at both ends of elastic is longer than the string. SR and ER mean string region 
and elastic region, respectively. 
 
During the Lachman test, a cyclic load with loosening and tension are applied to the 
ACL. In the loosening state, the ACL loosed than its natural length when the tibia is 
moved at the posterior. In the tension state, the ligament is extended at the natural length 
or more when the tibia is moved at the anterior. Generally, the cyclic motion is 
performed at more than five times. Figure 2.7 shows “loosening state” and “tension 
state”. Considering the tension of the ACL, there are as follows. 
1. The tension decreases as zero when the ACL is loosed (the tibia is moved at 
posterior). 
2. The tension increases as a maximum when the ACL is extended (the tibia is 
moved at anterior). 
 This study configures five times as the anterior translation of the tibia in one 
Lachman test. One trial in the recorded data from the finger stress during the Lachman 
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test is called as a force wave. The tension of the ACL changes as zero, maximum and 
zero in one force wave.  Then, there are five force waves of the tension in one recorded 
data as one Lachman test. Concomitantly, the examiner gets five force waves at his 
finger.  The finger sense of the examiner is most important during the Lachman test. 
The final purpose of this part is to recognize the sense.  
 
 
Figure 2.7 States of the ACL. The loosening and tension states are repeated during the Lachman 
test. The number of repeats is configured at five times. 
 
2.2.3 KT-1000 
KT-1000 developed by MED-Metric Co. Ltd. is a quantitative measurement system. 
This is commercially available. As shown in Figure 2.8, this system is attached to the 
tibia. The proximal position of the tibia is applied as a constant load (90~130 N) in 
manipulative. The constant load moves the tibia. The changing of the tibial plateau 
against the femur is measured. This system is able to quantitatively measure the anterior 
translation of the tibia. However, diagnostic rate (70~80 %) is not high compared with 
the clinical diagnosis. The paper reported that KT-1000 is recommended to use in 
decision of the ACL injury [7]. In the Lachman test, the interval of judgment is 
approximately 5mm. KT-1000 is useful for the measurement of 1 mm intervals after 
clinical decision [6], [8], [9]. It is widely used for not only injury decision, but also a 
quantitative measurement of reconstructed ACL. 




Figure 2.8 KT-1000. This is a measurement device for the length of anterior movement of the 
tibia. This device applied constant load (90-130 N). 
 
2.2.4 Purpose of Diagnosis Part 
There are many reports [14], [20], [21] to evaluate the ACL rupture by using some 
maneuvers. Especially, the maneuvers include the Lachman, pivot-shift and anterior 
drawer tests. The Lachman test has reported as high accuracy [14] – [16].  Some reports 
measure the “knee laxity” by using normal maneuver [22], [23], KT-1000 (or 2000) 
[24] – [26] or some measurement devices [27]–[34]. A quantitative measurement of the 
Lachman test by using a three-dimensional electromagnetic measurement system 
(EMS) have been conducted [27], [28], [35]. Similar to them, pivot-shift test was 
measured by EMS [36], [37]. The measurement device (EMS) has high accuracy as 
fluoroscopic measurement and higher than KT-1000 [35]. All of their study have 
reported that the sectioning (or rupture) of the ACL increases the knee laxity. Especially, 
the Lachman test is useful as an evaluation of anterior translation [13]. P. S. Christel et 
al [34] reports cadaveric study, which measures anterior translation of the tibia with 
constant force (150 N) as anterior of the tibia. Other studies are not measuring the force 
as the direction of the translation during the Lachman test. 
These previous studies measure the knee laxity. However, the laxities are the length 
of anterior translation of the tibia. There is no report to measure “force” during the 
Lachman test. Especially, applied force as the direction of anterior translation of the 
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tibia is important. Additionally, previous studies measured the laxities by using some 
sensors on the knees of patients. The examiners of the Lachman test diagnose the ACL 
rupture by using their finger senses. A knee hardness which is felt by the examiner, is 
different between the injured and normal knees. The purpose of the diagnosis part is 
the development of a quantitative measurement system for the hardness of the knee 
during the Lachman test by using a force sensor attached to the fingers of the examiners. 
 
2.3 ACL Reconstruction 
This section explains the ACL reconstruction, which is commonly operated as shown 
in Figure 2.9. Bone tunnels are made at the centers of the original positions (ACL 
footprints) on the femoral and tibial attachments [38] – [40]. The bone tunnels should 
be made with reference to them. The diameter of the bone tunnels is selected as 5.5 mm 
or 6.5 mm [41]. The graft (reconstructed ACL) that is harvested from another area or 
used with an artificial ligament passes through the bone tunnels. The graft is fixed to 
the femur and the tibia with an initial tension set by using an extra-articular 
measurement device. It is important to determine a proper initial tension to fix the graft. 
If the initial tension is too small, the knee has an excessive laxity and vice versa.  
 
2.3.1 Initial Tension of the Graft 
Van Kampen et al. [42] reported the clinical outcomes after the ACL reconstruction 
with two different initial tensions (20 N and 40 N) and concluded that a graft tension 
of 20 N seems to be sufficient without the risk of overconstraining the knee joint. Some 
reports warned that excessive initial tension should be avoided [43] – [45]. However, 
there is scope for the verification of the fixing of a graft because we have a hypothesis 
that there is a difference between intra- and extra-articular measurements (IAM and 
EAM) due to friction. As far as we know, there has been no study examining the 
difference. 
 




Figure 2.9 ACL Reconstruction. Femoral or tibial EAM tension is the tension due to the EAM. 
It was measured outside the femoral or tibial bone tunnel in previous studies. IAM tension is a 
tension due to the IAM, which prevents excessive movement of the tibia similar to the ACL. A 
femoral or tibial bending angle influences these tensions and differentiates the IAM tension 
from the femoral or tibial EAM tension. 
 
2.3.2 Purpose of Surgery part 
Previous studies measured the tension of the ACL after reconstruction of cadaveric 
or living knee [40], [38], [46] – [51]. In addition, some studies [52], [53] measured 
tensions and bending pressures using simulation. Beynnon BD et al. reported the first 
study that measured strains of the IAM [54]. However, the sensor, which was based on 
a mechanism of the strain gauge, was attached to the side of the ligament. Therefore, 
the sensor measured unstable force values for the tension because the elastic modulus 
is different for an individual ligament. Some studies [46], [47], [50] could not 
accurately measure the tension of the IAM because the tension measuring device was 
set on the extra-articular region of the bone tunnel. The graft passes through the femoral 
and tibial bone tunnels. The inside aperture of the bone tunnel bends the ligament. We 
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assume that the bending of the ligament affects the IAM tension, and there is a 
difference between the IAM and EAM tensions. The purpose of the surgery part is to 
compare the IAM and EAM tensions in ACL reconstruction. 




Diagnosis part: A Measurement of Force 
Distribution During the Lachman Test 
This chapter explains a diagnosis part. The Lachman test is the most reliable and 
sensitive maneuver to diagnose the ACL. The examiner uses his sense of the finger 
during the Lachman test. The purpose of this part is the development of a quantitative 
measurement system for the hardness of the knee during the Lachman test by using a 
force sensor fixed on the fingers of the examiners. 
3.1 Method 
A finger force sensor in this part does not need some foundation like a finger brace. 
A force sensor is made by using strain gauges. A cause of using the gauge is to decrease 
the hysteresis characteristic of the sensor. There is an effect to measure the force wave 
on a phenomenon during the Lachman test. 
3.1.1 Finger Force Sensor Design I 
Force sensor is developed to capture a sense of an examiner’s finger. There are strain 
gauge, sensitive conductive rubber, carbon film and so on as candidates of materials 
used for force sensor. This part employs the strain gauge for the force sensor. The strain 
gauge is mainly attached to a metal plate and measured by the minute change in 
resistance. The force sensor using the strain gauge is developed for high accuracy 
compared with the sensitive conductive rubber and carbon film. However, the sensor is 
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constitutively large size compared with these materials. Then, the sensor is docked on 
mechanism to fix on the finger. Used strain gauge is KFG-2-120-D16-23L3M2 (Kyowa 
Electronic Instruments Co., Ltd., Japan). Two gauges are installed on a round film in a 
cross shape. A film of the strain gauge is 8 mm in diameter. This film gauge is a type 
to assign two gauges in a cross shape. The strain gauge film is attached to an aluminium 
plate of 2 mm thickness. The aluminium shapes a combination of a rectangle (14 x 8 
mm) and circle (10 mm diameter) in the center of each other. The plate mounts an 
acrylic cylinder (thickness: 2 mm) at the upper end and a Poly-Oxy-Methylene (POM) 
base at the lower end. This study calls this sensor “finger force sensor”. The acrylic 
circle plate which is 10 mm diameter on the aluminium plate, and behaves as "pressing 
area" for applying force to the aluminium plate as shown in Figure 3.1. In the figure, 
the strain gauge is between the aluminium plate and finger brace. The finger brace is 
configured as a frame to mount the aluminium plate and a foot to attach to the finger. 
The foot section is bent at 45 degrees to facilitate mounting. Cables of the strain gauge 
are put out on the side of the POM base. The finger force sensor is attached to the finger 
using a Velcro strap. In this part, there are eight finger force sensors in the measurement. 
 
 
Figure 3.1 Finger force sensor design I. This design consists a pressing area, an aluminum plate 
and a finger brace. 
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The configured finger force sensor is shown in Figure 3.2. The Velcro strap is fixed 
on one cylinder of the finger brace. This strap is able to connect the same plane. The 
finger brace is attached on the finger at folding back the strap. Four cables from the 




Figure 3.2 Configured finger force sensor. Cables of the sensor are fixed on the under 
component of the finger brace by using thermoplastic resin. 
 
3.1.2 Finger Force Sensor Design II 
The finger force sensor design I has a high accuracy compared with other sensor 
made by pressure sensitive conductive rubber or carbon film. However, this sensor 
needs a calibration per some months. Considering that this system is used in a 
consultation or an examination room of a hospital, a medical doctor needs the 
calibration for the sensors. Then, the sensor is not suitable to use by only medical 
doctors. A load cell is tested as the calibration and repetition by the maker. This system 
needs to use easily as ease of maintenance and calibration free for acquisition of data 
by medical doctors. Then, the new design is proposed as shown in Figure 3.3 by using 
a load cell. The finger brace of new design is made from POM and attached on finger 
by using Velcro strap similar to design I. The brace has 10 mm diameter hole in which 
the load cell (LMB-A-100N, Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan) is 
attached by using screw between the brace and a pressing area. Case of using screw is 
the improvement of maintainability. Attached with grew, the load cell does not reuse 
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when the sensor has some failures. The load cell has 10 mm diameter and 4 mm 
thickness. Component to load the stress of the load cell has 2.9 mm diameter. Then, 
reverse side of the pressing area has a shape to match for the component. The cable of 
the load cell is attached to the finger brace as 45° with respect to the axis of the finger. 
 
 
Figure 3.3 Finger force sensor Design II. This design consists a pressing area, a load cell and 
finger brace. 
 
3.1.3 Measurement Device and Software 
The A/D converter is shown in Figure 3.4. The resolution is 16 bits on 8 channels 
converter. The sampling rate is 1 kHz in this measurement. The final output of the 
sensor is a voltage. The voltage changes in corresponding to the force are applied to the 
“pressing area” of the finger force sensor. This relationship between applied force and 
output voltage is calibrated as a lookup table prior to the experiments.  
This system targets to use by a medical doctor and needs to use easily with a GUI. 
This software as shown in Figure 3.5 has some functions which includes a measurement, 
calibration and analysis for endpoint. The calibration function has a lookup table to 
convert the force values from an analog voltage value from A/D converter. Necessary 
parameters for Design I and II to convert force value are different. Sensors of design I 
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need calibration between force and voltage values. Sensors of design II needs the 
amplifier gain and characteristic coefficients of each load cell to convert the force value. 
These parameters are switched by this software for using the sensors. This software is 
installed on the tablet–type device (Surface, Microsoft Co., Ltd., Washington, USA). 
When one medical doctor uses this system, it is difficult to control touch pad or mouse 
of the tablet - type device. Then, one examiner can measure because the USB foot 
switch can control the software. 
 
 
Figure 3.4 AIO-160802AY-USB (CONTEC Co., Ltd., Osaka, Japan). The number of input 
channels is eight. The input range is ±10 V. The resolution is 16 bits. 
 
 
Figure 3.5 Software for calibration, measurement and analysis. This software is built by using 
RAD Studio XE7 (Embacadero Technologies Co., Ltd., San Francisco, USA). Analog data are 
recorded by using this software through the A/D converter. This corresponds to both of design 
I and II by switching parameters. 




3.1.4 Electric Circuit for Design I 
The finger force sensor design I is one of load cells by using two strain gauges. This 
sensor is configured with a bridge circuit. The difference between two potentials needs 
to amplify. Used strain gauges have 120 Ω resister. The applying voltage is 
recommended at 2 to 4 V by Kyowa electric instruments Co., Ltd.. This part sets the 
applying voltage at 2.5 V. The amplifier circuit is configured with operational 
amplifiers that there are AD8221 and AD8542 (Analog Devices Co., Ltd., Norwood, 
USA). 2.5 V applying voltage is configured by using power reference IC: REF192GSZ 
(Analog Devices, Co., Ltd., Norwood, USA) as shown in Figure 3.6. The amplifier gain 
is configured at approximately 100 times. The voltage is applied to amplifying current 
by using an operational amplifier. 
 
 
Figure 3.6 Amplifier circuit for a finger force sensor design I. The sensitivity and offset can be 
adjusted by using resisters or volume. 
 
Eight electric circuits of Figure 3.6 are installed in this circuit box as shown in Figure 
3.7. The sensitivity of the amplifier is fixed by using resisters. The offset of the 
amplifier is controlled by using the volume. The circuit box gives eight finger force 
sensor the applying voltage (2.5 V). The circuit box connects to A/D converter, and 
give the amplified analog voltage data. 
 




Figure 3.7 Circuit box. This box includes eight amplifier circuits and power supply. Volumes 
of each channel can adjust the offset of amplification. The sensitivity is configured with 
resistors in the circuit. 
 
3.1.5 Electric Circuit for Design II 
An amplifier circuit for design II is shown in Figure 3.8. Adequate range of resister 
on the load cell and output voltage of this circuit, are larger than the circuit of design I. 
Then, amplify rate is large compared with design I. Additionally, the cutoff frequency 
of the circuit is 1 kHz similar to a sampling rate of A/D converter. This characteristic 
is suitable to measure dynamic distortion.  
 
 
Figure 3.8 Amplifier circuit for design II (HSC-20BS, Kyowa Electronic Instruments Co., Ltd., 
Tokyo, Japan). This circuit needs power supply (±5 V to ±18VDC). This system supply ±15 V 
power to this circuit.  
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This amplifier circuit can control applying a voltage and amplifier gain by using the 
resisters and conductors. The circuit of Figure 3.9 is designed to configure these 
parameters. The resistor value of a load cell used on the finger force sensor design II is 
360 Ω. Applying voltage is recommended at 4 to 6 V by Kyowa electronic industry Co., 
Ltd.. Then, the voltage is configured as 5 V. Supplied powers of the circuit are +5, +15 
and -15 V. The amplifier gain is configured at 1075 times. Two voltages on one load 
cell are cut as the noise by using inductors, and amplified as the differential 
amplification. Similar to the electric circuit design I, eight amplifier circuits and eight 
finger force sensors connect to this circuit. The eight outputs of the load cells are 
amplified and output as eight analog voltages. 
 
 
Figure 3.9 Circuit to set eight amplifier circuit. This circuit has some resistors and inductors as 
parameters for HSC-20BS. The amplifier gain is configured as 1075. 
 
3.1.6 Calibration Device 
The calibration device is developed as shown in Figure 3.10. The calibration device 
includes a load cell (LUR-A-SA1-500N, Kyowa Electronic Instruments Co., Ltd., 
Tokyo, Japan) and an A/D converter (TUSB-S01LC2Z, Turtle Industry Co., Ltd., 
Ibaraki, Japan). This device can measure a load both of pulling and pushing with 100 
Hz sampling rate. The interval of each load was interpolated linearly in the calibration. 








Figure 3.10 Calibration device. (a) A mechanical testing machine with a load cell, (b) A/D 
converter for the load cell. 
 
3.1.7 Algorithm to Search Endpoints 
The ACL length is changed at loosening, tension and loosening states compared with 
the natural length of the ligament. In one Lachman test, this system gets five measured 
force waves as shown in Figure 3.11 at one sensor because the tibia is moved as anterior 
and posterior at five times during the Lachman test of this part. Changing of anterior 
translation in a study [35] by using an electromagnetic measurement system is similar 
to the figure. The force applied to the fingers of the examiner changes as the translation. 
When the endpoints more than five times are searched, this system analyses the first to 
fifth. An examiner tries the translations of the tibia so that the amplitude and wavelength 
of the measured force waves have repeatability. Then we propose an algorithm to search 
the waves as follows. 
 




Figure 3.11 Sample of measurement waves. This data has five endpoints and includes a noise 
of the high-frequency component. Each endpoints are not exact matches because the operation 
is human behavior. 
 
The endpoint occurs in anterior translation of the tibia during the Lachman test. We 
assume that it can be detected by the force pattern with the finger force sensor. The 
force waves which have shapes similar to a positive component of the sine wave, are 
set to the endpoint from the measurement data. Then, the deformed sine wave is set the 
reference wave, the endpoint is searched from the measured wave by using the 
reference wave. The reference wave is adjusted as the cycle and amplitude. The optimal 
half cycle of the reference wave is searched from 0.3 s to 1.0 s. The maximum value of 
the searched area is used as a coefficient for the amplitude of the reference wave. The 
reference wave is moved to the measurement data (Figure 3.12), the area which has 
small difference compared with the force pattern is set as the measurement wave. The 
measurement waves are explored from all finger force sensors of this system (eight 
sensors). Channel of the sensor which has many measurement wave and large amplitude 
is configured on identification of the endpoint. The temporal position of measurement 
waves on the identification channel is configured as the endpoint. For further processing, 
the data of the endpoint are resampled at 512 ms as center around the time at the 
maximum value of the data. As a result, five resampling data are extracted from one 
Lachman test. 
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 Additionally, data from the finger force sensors passed through the amplifier has a 
noise. The noise, including electromagnetic noise from a power supply affects a sensor 
made by the strain gauge. This system similarly occurs high-frequency component of 
the noise. Cutting-noise-method uses a low-pass-filter during fast Fourier transform 
(FFT). Data from the searching-endpoint-method is transformed by FFT and removed 
the high-frequency component. The low-pass-filter under 20 Hz constructs in this part. 
This frequency is empirically decided. 
 
Figure 3.12 Algorism to search the endpoint. The reference wave is deformed from sine wave. 
This system searches from the searching wave in which the difference area is most small. 
 
3.1.8 Evaluation Parameter 
There are firm and soft as a type of the endpoint in the Lachman test. The senses of 
the endpoint are similar to a string and an elastic. This section sets an evaluation 
parameter focused on a variety of a tension when the string or elastic is stretched. In 
the movement of stretching and relaxation as the Lachman test, there is a difference in 
the tension between the string and elastic. The string: the tension does not change in a 
loosening state, and is generated at once where it is stretched. The elastic: the tension 
gradually changes where it is stretched. Previously mentioned in 2.2.2, the tension of 
the string is larger than the elastic considering the limitation of Lachman test. 
Additionally, the time applying tension of the elastic is longer than the string. The 
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forces of the string and elastic are defined at Fs and Fe, respectively. The times are 
defined at Δts and Δte, respectively. Each relationship is  
 ܨ௦ ൐ ܨ௘, (3.1)
 ∆ݐ௦ ൏ ∆ݐ௘. (3.2)
They are reflected in evaluation parameter. Fmax is defined as the maximum force on 
the endpoint searched by using previous methods. T is targeted for SR of the combined 
force pattern in Figure 2.6. Identifying of SR is difficult by using inflection points 
because the hardness of the knee is different on each person. This part empirically 
defines SR as shown in Figure 3.13. Large area more than half of the maximum value 
in a force wave of the endpoint is extracted. The time of the large area is configured as 
T. The evaluation value P is 
 ܲ ൌ ܨ௠௔௫ / ܶ. (3.3)
P is calculated each endpoint. This value is large in the string situation. Inversely, the 
values is small in the elastic situation. In the Lachman test, the examiner diagnoses the 
ACL by using his sense and comparing the injured and the normal knee. In accordance 




Figure 3.13 Parameters of the evaluation value in the searched endpoint. Fmax is the maximum 
value of the force wave in the endpoint. T is the time more than half of the maximum value. 
The evaluation value is calculated by using Fmax and T. 





This section consists of basic and practical experiments. The basic experiment was 
comparison between string and elastic. The practical experiments were compared 
between both knees of controls and comparison between injured and normal knee of 
patients who were injured their ACLs. These experiments used the developed sensor, 
“finger force sensor”. This system measured force data on the fingers of the examiner. 
In these experiments, it was unified on using eight sensors and sampling 1 kHz. Two 
sensors were attached on one finger. Four fingers attached eight sensors. Channel 
numbers of sensors read as “Ch *” as shown in Figure 2.1. The * symbol means each 
channel number. The used fingers were the thumb on one hand, the forefinger, the long 
finger and the annular finger on the other hand. The sensor on tip of the each finger had 
low number. The order was thumb, forefinger, long finger and annular finger. Every 
comparisons of experiments calculated p-value of significant difference by using the 
student t-test (Excel, Microsoft Co., Ltd.). 
 
Figure 3.14 Sensor attachment. Two sensors are attached on one finger. Attached fingers are 
the thumb at the femur, the forefinger, the long finger and the annular finger at the tibia. 
 
3.2.1 Comparison between String and Elastic 
We consider that “endpoint” has a combined force pattern. An experimental device 
had a string or an elastic as an imitation ligament, and a wooden cylinder as the tibia as 
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shown in Figure 3.15. An eyebolt was fixed on a vice. The wooden cylinder and the 
vice were connected with the string or the elastic. 10 mm thickness sponge was pasted 
on the wooden cylinder for simulating as the human skin. There were a hemp cord and 
some elastic bands as the imitation ligament. In this experiment, there were 
comparisons as follows. “E” represents one elastic band (elastic), “S” represents one 
hemp cord (string) in this experiment. Trial measurements were E1, E2, E3, E4, S1, S2, 
S3, ES, EE and EES. The numbers after “E” or “S” mean the numbers of measurement 
times. The numbers of “E” or “S” mean numbers of the elastic band or hemp cord. 
Comparison 1: one elastic band vs one elastic band (E1 vs E2) 
Comparison 2: one hemp cord vs one hemp cord (S1 vs S2) 
Comparison 3: one hemp cord vs one elastic band (S3 vs E3) 
Comparison 4: one elastic band vs one elastic band and one hemp cord (E4 vs ES) 
Comparison 5: two elastic bands vs two elastic bands and one hemp cord (EE vs EES) 
Movement of the wooden cylinder was similar to the Lachman test. The wooden 
cylinder was tilted on 20° to 30° for a horizontal plane, and moved five times in the 
anterior direction. The sensor attachment was same as Figure 3.14. However, two 
sensors (Ch 0 and 1) on the femur were not used. This experiment was assumed as the 




Figure 3.15 Basic experiment. The string between a wooden cylinder and vice means an 
imitation ligament. The wooden cylinder has 30 mm diameter. 




3.2.2 Comparison between both Knees in Control Subjects 
The developed “finger force sensors” were used during the Lachman test. The 
examiner was an orthopedic surgeon and familiar with the Lachman test as shown in 
Figure 3.16. Hardness of the knee varies from person to person. Some study [13], [29], 
[55], [56] reported the knee laxities of both knees of the subjects during the maneuvers 
(Lachman, pivot-shift and anterior drawer test).  It is important to measure the opposite 
uninjured side in assessing the injured knee [13]. The examiner diagnosis injury level 
after comparison between injured knee and normal knee during the Lachman test. Then, 
these practical experiments the compared hardness (the evaluation values calculated 
from the searched endpoints) of both knees on subjects.  
This experiment compared both knees of control subjects. In this experiment, the 
examiner tried the five-times-movement anterior and posterior similar to basic 
experiment. The system searched five endpoints by using the algorithm to search the 
endpoint, and calculated five evaluation parameters on five movements. Significant 
difference was calculated by using the evaluation parameters both right and left knees. 
The control subjects were three adult healthy men (age: 21-23) measured by using the 
finger force sensor design I, and 10 persons (age: 26-39) measured by using design II.  
 
 
Figure 3.16 Practical experiment. This experiment measured both knees of subjects. Subjects 
wore shorts in order to avoid affecting from differences in the pants. 




3.2.3 Comparison between both Knees of One Control in Examiners 
There were no examination of every skill level. This experiment compared both 
knees of one control subject to evaluation values of examiners who had every skill level. 
Examiners were five orthopaedic surgeons. #1 was the examiner of 3.2.2. We assume 
that there was difference between right and left if the examiner was a beginner. The 
skill level was defined as history to diagnose the ACL injury in this experiment. Each 
doctor history and skill level of examiners were shown in Table 3.1. 
 
Table 3.1 Information of examiners. 
 Doctor History History to Diagnose Patients 
#1 13 years 10 years 
#2 9 years 4 years 
#3 8 years 2 years 
#4 8 years 1 year 
#5 6 years 1 year 
 
3.2.4 Comparison between Injured and Normal Knees in Patients 
This experiment compared both knees of patients injured with the ACL. Subjects 
were two patients. #1 had injured the ACL of the left knee in winter, 2012. #2 had 
injured the right knee in this year. Information of patients is shown in Table 3.2. #1 
injured not only the ACL, but also the medial meniscus. The examiner of this 
experiment was same as 3.2.2. 
 
Table 3.2 Information for patients. 
 Age Sex Injured knee Case of injury Injured year
#1 19 M Left During dribbling of football 2012 
#2 17 F Right During practice of gymnastics 2015 
 




3.3.1 Comparison between String and Elastic 
Results from experiment by using the experimental device: Figure 3.15 show as 
follows. Figure 3.17 (a) was raw data to pull a hemp cord (string). In this result, the 
values of two sensors (Ch 0 and 1) were nothing because these were not used. One of 
five the endpoints recorded from the raw data using the algorithm to search the endpoint, 
is shown in Figure 3.17 (b). The noise of high frequency component in this data was 
deleted by using the low-pass filter of FFT. Most high value was output in Ch 4. This 
sensor was attached on the tip of the long finger. Then, the algorithm selected Ch 4 as 



















































Figure 3.18 (a) shows raw data to pull an elastic band (elastic) similarly Figure 3.17 
(a). One of the endpoints in this data is shown in Figure 3.17 (b). Compared with string, 
the maximum value was approximately half. The time at applying force defined by this 
part was longer than string. T in Figure 3.17 (b) was approximately 200 ms because it 
was the time at applying force more than half of the maximum (more than 10 N). T in 






Figure 3.18 (a) Raw data of an elastic band, (b) One of searched endpoints. 
 
The evaluation values were calculated from Figures 3.17 and 3.18. Bar charts in 
Figure 3.19 were shown as average of evaluation values in five endpoints.  Comparisons 









































Chapter 3 Diagnosis part 
36 
 
The significant differences were observed in comparison 3, 4 and 5 (C3, C4 and C5). 
These p-values were 0.0031, 0.0002 and 0.00007, respectively. 
 
 
Figure 3.19 Evaluation values on basic experiment. ** means 1% significant difference in C3, 
C4 and C5. 
 
3.3.2 Comparison between both Knees in Control Subjects 
The examiner tried the Lachman test on three control subjects by using the finger 
force sensor design I, and ten control subjects by using design II. Raw data measured 
by the sensors were similar to (a) of Figure 3.17 and Figure 3.18. However, sensor 
channel output maximum values on these raw data during the Lachman test was Ch 0 
contrary to basic experiment. The system got data on both knees on control subjects. 
After that, the raw data were removed as the high frequency component, and searched 
as the endpoints. The recorded the endpoint data were calculated as the evaluation value 
which included maximum value and changing time of string characteristic. 
Evaluation values measured by using the design I were calculated as shown in Figure 
3.20. There was no significant difference in these control subjects.  
 




Figure 3.20 Evaluation values measured by using the design I in comparison between both 
knees in controls. There was no significant difference. 
 
Evaluation values measured by using design II were calculated as shown in Figure 
3.21. Two subjects (#3 and #4) had 5 % significant difference (p-values were 0.048 and 
0.011). However, the subjects did not have any injury in the knees. Evaluation values 
of other subjects were not difference between the right and left knees.  
 
 
Figure 3.21 Evaluation values measured by using design II in comparison between both knees 
in controls. * means 5 % significant difference. 




3.3.3 Comparison between both Knees of One Control in Examiners 
Five examiners tried the Lachman test on one control subject. Similar to 3.3.2, the 
raw data were removed as the high frequency component, and searched as the endpoints. 
The recorded endpoint data were calculated as evaluation value. The evaluation values 
were shown in Figure 3.22. #1, #2 and #3 were no difference between the right and left 
knees of the subject. #4 had 5% significant difference (p-value was 0.033). #5 had 1% 
significant difference (p-value was 0.0013). This subject was same as #7 of Figure 3.21 




Figure 3.22 Evaluation values in comparison between the knees of control in examiners. * 
means 5% significant difference. ** means 1% significant difference. 
 
3.3.4 Comparison between Injured and Normal Knee in Patients 
Figure 3.23 (a) is the raw data of the right knee of #1, (b) shows first searched 
endpoint. The value of Ch 1 is larger than other sensor channels. In Figure 3.23 (a), the 
examiner moved at six times. The system recognized six endpoints. However, final 
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endpoint is removed. Number of compared endpoints is five. The channel number 
output maximum value was Ch 1. Second one was Ch 0. Both sensors were attached on 
the thumb of one hand which grasped the femur of the subjects. Other sensors were 






Figure 3.23 (a) Raw data of right knee of the patient, (b) Searched endpoint. 
 
Figure 3.24 (a) is the raw data of the injured knee (the left knee of the patient #1). Ch 
5 of this data had the noise of the high-frequency component. The noise was removed 
on the searched endpoint data (Figure 3.24 (b)). Ch 0 and 1 which were attached to the 
thumb, with data of right knee were larger than other sensors. The data on the injured 
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the force wave were not so different compared with the normal knee. However, the 






Figure 3.24  (a) Raw data from the left knee of the patient, (b) Searched endpoint. 
 
Evaluation values were calculated as shown in Figure 3.25. The significant 
differences in t-test between the right and the left knees were observed (p-value were 
0.0037 and 0.0002). Both subjects, evaluation values of the injured knees were less than 
the normal knees. The evaluation value of the left knee (the injured side) on #1 was 
approximately 1/3 compared with another side. The value of the right knee (the injured 


















































Figure 3.25 Evaluation values in comparison between injured and normal knees in patients. ** 
means 1% significant difference. 
 
3.4 Discussion 
In the basic experiment, C1 and C2 in which the same materials were compared, were 
not significant difference. C3, C4 and C5 in which the hemp rope and the elastic band 
were compared had significant differences. Then, we assume that the difference 
between the string and the elastic make a different force pattern on the examiner’s 
finger. In C4 and C5, elastic band(s) were included on both situations. However, the 
system could classify the situations, including string or not. Additionally, the 
significance level was decreased because the p-value was large when the elastic band 
was increased (C5). Comparing ES and EES, the standard deviation of EES was large 
than ES. We assume that the time in changing force increased because the characteristic 
of the elastic affected to the force pattern. There are “soft-knees” in the Lachman test. 
We assume that these knees are affected from the characteristic of the elastic. 
In the practical experiments, the force of the fingers on the examiner during the 
Lachman test (13 control subjects and two patient subjects) was measured. The normal 
knees were analyzed with statistical analysis by supposition as no difference between 
both normal knees. However, there were some subjects had the significant differences 
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in the control subjects. #3 and #4 of Figure 3.21 had 5 % significant difference. The 
knee is complexly configured. There were some factors involved hardness of the 
Lachman test in the knee. The factors included not only ligaments but also muscle 
condition. Then, we considered the difference between the right and left knees on the 
control subjects which had the significant differences. The differences of evaluation 
values (#3 and #4 on Figure 3.21) were 62.17 and 29.38, respectively. The differences 
were indicated by percentage as a reference evaluation value which were larger than 
other knee on one control subject because hardness were different each person. These 
percentages were 26.5 % and 13.8 %, respectively. On the other hand, differences of 
percentage on patients were 62.8 % and 71.7 %, respectively. Compared with patients, 
differences of percentage on #3 and #4 of Figure 3.21 were not so large. The differences 
of patients tended to large values. The differences were calculated using two control 
subjects and two patient subjects. The differences by percentage between the right and 
left knees on all subjects (Figures 3.20, 3.21 and 3.25) were shown in Figure 3.26. 
 
 
Figure 3.26 Difference between the right and left knees in controls and patients. Control 
subjects include both subjects measured by using the design I and II. 
 
Control subjects were 13 persons. However, patient subjects were two persons. The 
number of patient subjects was insufficient to posit the normal or injured knees. We 
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assume that there is a threshold value in these differences. The threshold value might 
be an informative baseline to diagnose the ACL rupture during the Lachman test. 
Figure 3.27 shows the differences by percentage on Figure 3.22.  #1, #2 and #3 which 
had no significant difference, were less than 15 %. However, #4 and #5 were 
approximately 30 %. Considering that difference of patients was approximately 70 %, 
differences of beginners were not so large than patients. However, the number of 
examiners were five persons and insufficient to posit the skill level.  
 
 
Figure 3.27 Difference between the right and left knees in examiners. #1, #2 and #3 were no 
significant difference. #4 and #5 had significant difference. 
 
One of the purposes on the quantitative measurement system during the Lachman test 
was to develop the training system. Considering that, we consider that the examiner 
who was a beginner of the Lachman test should diagnose the ACL rupture, according 
to the baselines on the difference between the right and left knees. As future work, the 
baseline to diagnose the ACL rupture will be decided by increasing the number of 
subjects. 




Surgery part: Intra-articular Measurement 
Tension of the Reconstructed ACL 
This chapter explains a surgery part. Almost sport players undergo the surgery of the 
ACL reconstruction. In the reconstruction surgery, the initial tension is recommended 
as 20 N. However, the initial tension is measured on extra-articular (EAM). We assume 
that the IAM and EAM tensions are different. The purpose of this part is to compare 
the IAM and EAM tensions in the ACL reconstruction. 
4.1 Method 
This chapter uses three devices in the cadaveric experiment: IAM tension device 
(micro-force sensor), EAM tension device (graft tensor), and six-DOF knee kinematics 
measurement device. Some studies [46], [47], [50] measured the EAM tension. This 
part measures these tensions (IAM and EAM) and six DOF of knee kinematics by 
simultaneously using a micro force sensor, a graft tensor and an electromagnetic device. 
4.1.1 Micro-Force Sensor 
The micro-force sensor can measure the IAM tension in the ACL reconstruction. The 
ACL reconstruction creates a bone tunnel of approximately 5.5 mm to 6.5 mm, limiting 
the size of tension gauges to 5.5 mm. That is the reason this part uses cylindrical tension 
sensor of 4.5 mm diameter. A strain gauge is selected for the tension sensor. Four 
gauges on an alumina plate are joined to form a Wheatstone bridge. The size of alumina 
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plate is 3 mm x 12 mm x 2 mm. The sensor has two types of strain gauges, KFG-1N-
120-C1-23 and KFG-1-120-C2-23 (Kyowa Electronic Instruments Co., Ltd. Tokyo, 
Japan) as shown in Figure 4.1. The cylinder surrounding the strain gauges is made of a 
resin to protect the gauges and to avoid the stack. The cables are wired from the 






Figure 4.1 (a) Design of micro force sensor, (b) Picture of micro force sensor. Two types of 
strain gauges (total: four gauges) were attached to an alumina plate. A transparent plastic resin 
was coated on the plate and the gauges. 
 
4.1.2 Electric Circuit and Measurement Device 
This part uses an amplifier (A-160L, Omega-denshi Co., Ltd., Osaka, Japan) as 
shown in Figure 4.2 to amplify the signal of the tension sensor (strain gauges). This 
amplifier circuit can adjust the sensitivity and offset of the sensor. The output voltage 
of the amplifier circuit ranges from 0 V to 5 V. An A/D converter as shown in Figure 
3.4 is used to measure the output voltage with a sampling rate of 100 Hz. The sensor 
must be calibrated between voltage and force to create a lookup table between them. 





Figure 4.2 Electric circuit to amplify the signal of the tension sensor (A-160L, Omega-denshi 
Co., Ltd., Osaka, Japan). This circuit can adjust the sensitivity and offset by using volume 
resister. 
 
4.1.3 Graft Tensor 
The graft tensor (Figure 4.3) is used to fix the ligament at the bone tunnel on the tibial 
side. This device has a load cell (LUX-A-500N, Kyowa Electronic Instruments Co., 
Ltd., Tokyo, Japan) and can be rigidly fixed on the bone. The suture of the graft can be 
directly fixed to the load cell, which can slide and lock in an arbitrary position along a 
slot in this device. Hoshino et al. [50] used this device to measure tensions of Antero-
Medial (AM) and Postero-Lateral (PL) bundles in a double bundle technique (one of 
the ACL reconstruction techniques) and fixed the device on the femoral side of the 
ligament in order to avoid the influence of its weight when the knee was moved in 
flexion and extension. The signal of the load cell is measured with a load cell translation 
unit (TUSB-S01LC2Z, Turtle Industry Co., Ltd., Ibaraki, Japan). This device can 
measure tension at a sampling rate of 100 Hz. 
 
 
Figure 4.3 Structure of the graft tensor. This device has a load cell to measure tensile force 
(tension). The screw on the device can control the tension. 




4.1.4 Six Degrees-of-freedom of Knee Kinematics 
Six degrees-of-freedom of knee kinematics are measured using an electromagnetic 
device (LIBERTY, Polhemus, Vermont, Colchester, USA). This system needs seven 
anatomical landmarks to define coordinate systems before the measurement of the knee 
kinematics. The acquired position data of each landmark are converted to the relative 
position of the electromagnetic receivers fixed on either the femur or the tibia. Some 
studies defined these landmarks [50], [57]. The coordinate system can be used to 
measure the six DOF for both cadaveric and living knees. In the cadaveric experiment, 
the electromagnetic receivers are fixed by using a K-wire (Kirschner wire) that the 
metal rod to fix medical apparatus is used for surgery similar to another report [58]. 
The first and second receivers were fixed at the femur and the tibia, and the third 
receiver with a pen-shaped pointer is used for digitizing anatomical bony landmarks to 
configure a 3D coordinate system of the knee joint in both the cases. This system has a 
high sampling rate (240 Hz) and a root mean square accuracy of 0.76 mm for position 
and 0.15° for orientation, when it is used within an optimal operational zone with a 




Figure 4.4 Electromagnetic device: “Liberty”. 
 




The novelty of this part is to measure the IAM tension of the graft by using the micro-
force sensor. This is the first study to measure the IAM tension of the graft in ACL 
reconstruction. This part consists of two experiments (i.e., sensor accuracy and 
cadaveric experiment).  The sensor was developed for installing the intra-articular of 
the knee joint in a cadaveric experiment. 
4.2.1 Sensor Accuracy 
The sensor was calibrated with a loading force from 0 N to 100 N with intervals of 
10 N by using the calibration device of Figure 3.10. The sensor can measure only the 
tension along the long axial direction. Therefore, the calibration was performed at the 
pulling direction matches the long axial direction as shown in Figure 4.5.  
After the calibration of the sensor, the load data of the sensor are compared with the 
output of the load cell as true value. The repeatability and accuracy of the sensor were 
evaluated with five trials. The mean and standard deviation were calculated from the 
differences between the true value and the micro-force sensor value.  
 
 
Figure 4.5 Calibration of the micro-force sensor. A mechanical testing machine with a load cell 
was used to calibrate the micro force sensor. This device can directly apply force to the sensor. 
The applied forces were f(n) = 10 n, where n = 0, 1, 2…10. The number of n is eleven. 
 
This part defined the mean and standard deviation as accuracy and repeatability, 
respectively. In the following equation, E is the accuracy, R is the repeatability, n is the 
number of trials (five), i is the variable of trial at each loading force, j is the variable of 
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loading force, X is the true value (load cell value), and x is the load data of the sensor. 
The accuracy is calculated by equation (4.1). The repeatability is calculated by equation 
(4.2). 
 




Rሺjሻ ൌ ඨ∑ ሺܺሺ݅, ݆ሻ െ ݔሺ݅, ݆ሻ െ ܧሺ݆ሻሻ
ଶ௡ିଵ௜ୀ଴
݊ െ 1   (4.2)
 
4.2.2 Cadaveric Experiment on Fixation of the Graft 
The IAM and EAM tensions and knee flexion angle were measured in six fresh frozen 
cadaveric knee specimens (age range 68-96) simultaneously. Additionally, the femoral 
and tibial bending angles were measured using the electromagnetic device. The graft 
tensor could adjust the initial tension. In these cadaveric knee specimens, the ACL was 
temporally removed and reconstructed. The bone tunnel in the femoral side was drilled. 
The graft which was harvested from other ligament was separated as two parts. These 
grafts were connected with the micro - force sensor as shown in Figure 4.6. 
 
 
Figure 4.6 Connection between reconstructed ACL and micro-force sensor. Graft was separated 
as two parts whose lengths were 20 mm. Length of joint space was supposed as 20 mm. 




The ligament was fixed using a suspensory button at the femoral side. The other side 
of the ligament was fixed using the graft tensor as shown in Figure 4.7 (a). The micro-
force sensor was placed in the knee joint cavity as shown in Figure 4.7 (b). The graft 
tensor (EAM tension) was set to 20 N similar to some studies [46], [47], [50] when the 
knee flexion was 20° by using the electromagnetic measurement device, which was 
angle for adding initial tension [46], [47]. For statistical analysis, this part used student 
t-test to assess the difference between the IAM and EAM tensions during the graft 
fixation. The significance level was set at p < 0.05. 
 
 
Figure 4.7 (a) Experiment. The graft tensor was installed on the tibial side. The white arrows 
point to the receivers of electromagnetic sensor. (b) Arthroscopic picture. The micro - force 
sensor was fixed at both ends between femoral and tibial grafts. 
 




4.3.1 Sensor Accuracy 
The result of the calibration is shown in Figure 4.8. This data (voltage and load) 
shows a linear relationship between applied forces and voltages. The initial voltage at 
0 N was adjusted to 2.5 V. The sensitivity of the voltage to load was approximately 
0.008 (V/N). The cadaveric study used a sensor of similar structure. In addition, six 
micro-force sensors were prepared and calibrated. The micro-force sensors were used 
for six knees one by one in the cadaveric experiment. This calibration data were applied 
to the sensor evaluation. 
 
 
Figure 4.8 Result of calibration. The voltage at 0 N was fixed at 2.5 V. Voltage and load show 
a linear relationship. The sensitivity was approximately 0.008 (V/N). 
 
The sensor performance is shown in Table 4.1. Both repeatability and accuracy 
ranged from -1.5 N to 1.5 N except for an applied force of 100 N. The accuracy 
indicated some negative values. The average accuracy, calculated using the absolute 
values, is less than 1 N. Then, the accuracy of the sensor was approximately 3 N until 
an applied force of 100 N. Therefore, the sensor accuracy was 3 %.  
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Table 4.1 Sensor accuracy and repeatability 
Applied force [N] Accuracy [N] Repeatability [N] 
0 0.3796  0.5557  
10 -0.4015  0.2587  
20 -0.5629  0.7865  
30 -1.2491  0.3856  
40 0.1215  1.1273  
50 -0.8690  0.5046  
60 -0.0704  0.9459  
70 -0.4287  1.1064  
80 -0.4485  0.5994  
90 0.9586  0.7851  
100 2.0641  1.0684  
Average 0.6867  0.7385  
 
4.3.2 Cadaveric Experiment 
The values of the IAM and EAM tensions were 13.6 N and 18.7 N, respectively, as 
shown in Figure 4.9. The IAM tension was about 70 % of the EAM tension. The result 
showed a significant difference in student t-test (p-value was 0.026).  This data was 
observed at 20° of flexion. 
 
 
Figure 4.9 Result of IAM and EAM tensions at the graft fixation. The values were 13.6±3.9 N 
and 18.7±1.3 N, respectively. The significant difference was shown in this result (p-value = 
0.026). 





The sensor accuracy was approximately 3 %. The micro-force sensor satisfied the 
required specification to measure the tension of the graft because tensions reported by 
some studies [43], [59] were roughly 20 N or 25 N. 
The cadaveric experiment indicated a significant difference between IAM and EAM 
tensions. The IAM tension was less than the EAM tension, i.e., IAM tension was about 
70 % of that of the EAM. We consider that there are two reasons for decreasing tension. 
The first reason is the bending of the graft at the intra-articular edge of the femoral 
and tibial bone tunnel. Nishimoto et al [57] reported the femoral bending angle in the 
ACL reconstruction. Their reconstruction method was different from our study, which 
uses two bundles (the AM and the PL bundles). In their study, the bending angles of 
the AM and PL bundles were 46.7±4.4° and 42.9±5.8°, respectively, when the knee 
flexion angle was 20°. Given that one side tension of the graft was certain (f in Figure 
4.10), the bending angle (θ in Figure 4.10) would change the other side tension (T in 
Figure 4.10). Then, the bending angle causes friction between the bone and the graft. 
Normally, bones are classified as cancellous and cortical bones. The bone tunnel was 
made to pass through the two bones, which had different characteristics. In addition, 
the graft is one of the soft tissues. It is difficult to know the coefficient (μ in Figure 
4.10) of friction between the bone and the graft. 
 
 
Figure 4.10 Bending angle and friction. The graft touches the bone tunnels and causes friction. 
θ is the bending angle. If we think force f as certain, force T will change by bending angle θ. 
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The second reason is that the shape of the intra-articular edge of the tibial bone tunnel 
is possibly different for each knee. When a square object was vertically drilled, the edge 
of the tunnel was a precise circle as shown in Figure 4.11 (a). However, the edge would 
become elliptical when the object is drilled with some angles. In addition, the surface 




Figure 4.11 (a) Flat surface. The tunnel edge drilled vertically on a flat surfaced object was a 
precise circle. If the tunnel is obliquely drilled, the edge will be an ellipse. (b) Curved surface. 
The edge of the curved surface object was difficult to forecast. 





This thesis measured the force applied to the ACL as two methods which were 
diagnosis and surgery parts. The diagnosis part selected Lachman test which was one 
of maneuvers to diagnose the ACL rupture. Hardness of the knee during the Lachman 
test was considered. Proposed method automatically searched force waves of the 
endpoint during the Lachman test and calculated the evaluation value which indicated 
the hardness. The evaluation value was calculated with maximum force and changing 
time of SR. The experiments of the diagnosis part consisted basic and practical 
experiments. The basic experiment included five comparisons to the clear difference 
between string and elastic. C1 and C2 in which hemp cords or elastic bands compared 
had no significant difference. These experiments: C1 and C2, in which same material 
were compared, meant comparison between the control knees of normal subject in 
practical situation. C3, C4 and C5 compared between hemp cord (and elastic band(s)) 
and elastic band(s) had 1 % significant difference (p-values were 0.0031, 0.0002 and 
0.00007). The concept of this experiment was that the endpoint of the normal knee 
during the Lachman test had a combined force pattern both string and elastic. C4 and 
C5 were compared between hemp cord and elastic band(s) vs elastic band(s). The 
difference in C4 and C5 showed that the existence of hemp cord changed the evaluation 
value. The evaluation value of EE (C5, two elastic bands) was larger than other values 
of elastic band (E1 to E4 of C1, C3 and C4). However, the difference of it was smaller 
than the difference between EE and EES of C5. String simulated as the ACL deeply 
affected on the evaluation value. Practical experiments included the comparison 
between both knees of 13 control subjects, the comparison between both knees of one 
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control subject measured by five examiners, and comparison between the normal and 
injured knees of patient subjects. Significant difference observed in two subjects of 
comparison of 13 controls (p-values were 0.048 and 0.011). Two examiners in 
comparison of five examiners had significant difference (p-values were 0.048 and 
0.011). Both knees of patients had significant difference (p-values were 0.0037 and 
0.0002). The differences between both knees of two control subjects which had 
significant difference were smaller than differences of patients. Then, all of differences 
of evaluation values between both knees were indicated by percentage as a reference 
large value of both knees. Controls were 9.47±7.80 %, patients were 67.23±6.26 %. 
Patient subjects were two persons. It was insufficient to decide the threshold value 
between normal and injury. The threshold value which was decided for the increasing 
the number of experiments might be a baseline to diagnose the ACL rupture. The 
differences of examiners (#1, #2 and #3) were less than 15 %. #4 and #5 who had one-
year experience to diagnose the ACL, had approximately 30 % difference. Considering 
that the difference of patients was larger than 50 %, differences of beginners were 
smaller than patients. This experiment includes five examiners who were orthopedic 
doctors. It was insufficient to posit the skill level. Considering baselines of controls and 
patients, this system might be a support system to diagnose the ACL rupture.  
The surgery part used commonly ACL reconstruction. The experiment measured 
IAM and EAM tension by using six fresh frozen cadaveric knee specimens. The initial 
tension was measured by EAM and set 20 N when the knee flexion was 20° measured 
by using electromagnetic device. The results were 13.6±3.9 N (IAM) and 18.7±1.3 N 
(EAM), respectively. The significant difference was observed on the result (p-value 
was 0.026). IAM tension was approximately 70 % of EAM tension. Appling tension on 
extra-articular did not directly transfer the reconstructed ACL on intra-articular. 
Friction between bone tunnel and the ligament, and surface of edge on bone tunnel 
affected to the tension of the ACL. The initial tension should be considered decreasing 
tension on the intra-articular from the extra-articular. 
This study discussed the force of the ACL. Both diagnosis and surgery parts proposed 
measurement devices for the force which was not measured previously. It is catalysts 
to reconsider the hardness of the knee during the Lachman test and the initial tension 
of the ACL reconstruction. 
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There are some limitations that might affect the result obtained. We assume three 
limitations of this study as follows. 
1. It was insufficient of subjects of experiment to decide the thresholding value 
between the control and patient subjects.  
2. Measurement tension of IAM was limited on the initial tension of ACL 
reconstruction. 
3. Compared with initial tension of tibial EAM, IAM tension was 70 %. However, 
this experiment did not compare femoral EAM. 
The list of considerations as future works are as follows. 
1. Considering the baseline value of the difference between the right and left knees 
during the Lachman test by increasing number of patient subjects 
2. Considering the target value of the difference between both knees on the control 
subject 
3. Considering suitable initial tension of IAM tension during ACL reconstruction 
4. Analyzing IAM tension had the function as the ACL in the knee movement 
(anterior and rotation). 
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